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Ai3STFWT 

Several recent observations of low-energy proton and electron 

i n t e n s i t i e s  within the  energy range - 100 eV to 50 keV i n  the  ea r th ' s  

radiat ion zones with a sens i t ive  array of e l ec t ros t a t i c  analyzers borne 

on the  e a r t h - s a t e l l i t e  OGO 3 during mid-1966 a re  summarized. 

Measurements of charged pa r t i c l e s  of t h e  e x t r a t e r r e s t r i a l  r ing  current 

during a moderate geomagnetic storm, of t he  low-energy proton and 

electron d is t r ibu t ions  i n  t h e  v i c i n i t y  of t he  midnight ' t rapping 

boundary' near t he  magnetic equatorial. plane, and of upper limits for 

proton and ion (100 eV < - < 50 keV) energy f luxes deep within t h e  

inner rad ia t ion  zone a re  presented together with several  introductory 

comments concerning t h e  morphology of the  omnidirectional i n t e n s i t i e s  

of energetic e lectrons (E > 40 keV, > 230 keV and > 1.6 MeV) a t  t he  

magnetic equator i n  t h e  outer rad ia t ion  zone. 

E 
- Q -  

- - - 
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INTRODUCTION 

A la rge  col lect ion of de ta i led  observations of energetic 

charged pa r t i c l e s  within the  vas t  region encircl ing the  ear th  which 

i s  dominated by t h e  geomagnetic f i e l d  has been acquired since t h e  

i n i t i a l  discovery of intense fluxes of energetic protons and electrons 

i n  these regions, the  inner and outer rad ia t ion  zones, with earth- 

s a t e l l i t e  measurements i n  1958. 

observations of electrons E 2 10 keV and of protons E 2 100 key with 

instrumentation borne on earth-orbit ing s a t e l l i t e s  at  low and high 

a l t i tudes ,  - several  hundred kilometers t o  30 

have been published over the past  several  years [Van AJ-len, 1963; 

O'Brien, 1964a; Frank and Van Allen, 1964; Shabansky, 1965; Hess, 1965; 

Frank, 1965al. 

directed toward de ta i led  s tudies  of e lectron and proton i n t e n s i t i e s  

i n  t h e  above energy ranges within t h e  ea r th ' s  rad ia t ion  zones, lower 

energy charged p a r t i c l e s  with energies E < 10 keV dominate these 

regions i n  terms of energy dens i t ies  and number densi t ies .  For example, 

the  r a t i o s  of t h e  number dens i t ies  and energy dens i t ies  of t he  often- 

observed electron (E > 1 MeV) i n t e n s i t i e s  i n  t h e  h e m t  of t he  outer 

rad ia t ion  zone near t he  magnetic equatorial  plane at  4.5 t o  t h e  

corresponding number and energy dens i t ies  of e lectrons (E 5 10 keV) axe 

frequently - 3 X 10 and 2 X 10- , respectively.  Although these energetic 

Current reviews concerning the  

(%, ear th  radius) ,  

Although t h e  major f r ac t ion  of t h e  l i t e r a t u r e  has been 

Tu 

Tu 

-6 3 
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charged p a r t i c l e  d i s t r ibu t ions  have been and are  present ly  being 

thoroughly surveyed v i a  i n  s i t u  measurements, t he  observations of 

lower energy charged pa r t i c l e s  are  l imited not through oversight of 

the  importance of t h e i r  d i s t r ibu t ions  throughout t h e  magnetosphere 

but due to t h e  d i f f i c u l t i e s  of designing instruments with suf f ic ien t  

s ens i t i v i ty ,  energy thresholds and immunity from background responses 

a t t r i bu tab le  to penetrating, energetic charged pa r t i c l e s  and t o  

u l t r a v i o l e t  radiat ions.  Recently observations of low-energy proton 

and electron i n t e n s i t i e s  over t he  energy range extending from -100 eV 

-- 

t o  50 keV have been obtained i n  t h e  ea r th ' s  rad ia t ion  zones near t he  

magnetic equator ia l  plane with a sensi t ive array of e l e c t r o s t a t i c  

analyzers borne on t h e  s a t e l l i t e  OGO 3 [Frank 1967a, b ,  e; Frank and 

Swisher , 19671. 

r e s u l t s  concerning the  e x t r a t e r r e s t r i a l  r ing  current,  t he  possible 

existence of la rge  energy f luxes of low-energy pos i t ive  ions deep 

within the  ear th ' s  inner rad ia t ion  zone, and the  s t ruc ture  of t h e  

"trapping" boundary a t  - 8 

t h e  midnight meridional plane together with several  introductory 

comments concerning the  d is t r ibu t ions  of energetic e lectrons 

(E > 40 keV) i n  the  outer rad ia t ion  zone a re  presented herein as 

a swnmary of i n i t i a l ,  unique observations of t he  low-energy 

charged p a r t i c l e  d i s t r ibu t ions  within the  ea r th ' s  radiat ion zones. 

These measurements and several  unpublished, preliminary 

geocentric radial distance i n  

- 
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SE3TFXA.L COMNENTS ON THE DISTRIBUTIONS -- 
OF m R G E T I C  ELECTRON INTENSITIES I N  TKE OUTER RADLCITION ZOrJE - --- 

A s  w a s  mentioned e a r l i e r  the energetic eharged p a r t i c l e  

populations of t he  inner and outer rad ia t ion  zones have been under 

intensive examination during the  past  several  years. Comprehensive 

surveys with Geiger-Mueller tubes, s c i n t i l l a t o r s ,  and so l id-s ta te  

devices a re  available for regions near t he  magnetic equator ia l  plane 

throughout t he  rad ia t ion  zones, at low a l t i t udes  (- 1000 km) from 

equator to poles, and for t h e  en t i re  inner rad ia t ion  zone within 

the  energy ranges E >lo0 keV for protons and E > 50 keV for electrons 

[cf McIlwain, 1963; Frank, 1965a, Frank, Van Allen and H i l l s ,  1964; 

Davis, 1965; Freden, Blake and Paulikas , 1565; Gabbe and Brown, 1966; 

Vette , 19661. 

organization of a massive abundance of measurements i n t o  a coherent , 
concise descr ipt ion of t he  complex species - and energy-dependent 

morphology of t h e  ea r th ' s  rad ia t ion  zones. An example of t h e  

morphology of energetic e lectron i n t e n s i t i e s  i n  the  outer radiat ion 

zone at t h e  magnetic equator i s  shown i n  Figures 1 and 2 [Owens and 

Frank, 19671 which summarize four months of observations of e lectron 

(E > 40 keV, - > 230 keV and - > 1.6 MeV) i n t e n s i t i e s  with an array OS 

Geiger-Mueller tubes borne on Explorer 1 4  during t h e  period beginning 

a t  launch on 2 October 1962 through January 1963 ( r e fe r  to Frank, 

'u * 

One of t h e  pr inc ipa l  observational tasks  i s  the 
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V a n  Allen and H i l l s  [1964] fo r  d e t a i l s  concerning instrumentation and 

o r b i t a l  parameters). O f  immediate i n t e r e s t  a re  t h e  o r b i t a l  inc l ina t ion  

3 3 O ,  i n i t i a l  apogee geocentric r a d i a l  distance 16.4 RE, i n i t i a l  perigee 

a l t i t u d e  281 kilometers and period 36.4 hours. 

swnmarize contours of constant omnidirectional i n t e n s i t i e s  of e lectrons 

with energies exceeding the  above detector thresholds as functions of 

L and time at t h e  magnetic equator. The da i ly  sum K 

included a t  the  bottom of each of these grayhs i n  order to indicate  

periods of r e l a t i v e  magnetic ac t iv i ty .  Several features  of t h e  

morphology of these energetic e lectron i n t e n s i t i e s  are immediately 

evident upon perusal of these graphic summaries: (1) the  apparent 

complexity of t he  temporal var ia t ions  and t h e  dependence of t h e  gross 

temporal behavior upon electron energy, (2) t h e  increases of e lectron 

i n t e n s i t i e s  following t h e  onset of a period of r e l a t i v e  magnetic 

disturbance (high M ) with peak values of omnidirectional i n t e n s i t i e s  

occurring with increasing time delay a f t e r  onset of t he  disturbance 

with increasing electron energy ( r e fe r  t o  t h e  l a t e  December 1962 

enhancements f o r  a clear  example), (3) the  ebbing of t he  i n t e n s i t i e s  

of electrons (E > 230 keV and - > 1.6 MeV) during a sustained period of 

r e l a t i v e  magnetic quiescence beginning 23 December through 9 January, 

(4) t he  sudden decreases of e lectron ( i n  par t icu lar  E > 1.6 MeV) 

i n t e n s i t i e s  concurrent with the  onset of magnetic disturbance and (5) 

t he  pers i s ten t  occurrence of peak electron (E > 230 keV and - > 1.6 MeV) 

Figures 1 and 2 

P’ =P9 has been 

P 

- 

- 

- - 
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omnidirectional i n t e n s i t i e s  at  L - ,,, 4.5 to 5.5 and of peak electron 

(E - > 40 keV) i n t e n s i t i e s  over a r e l a t ive ly  broad L-value range 

L - - 4 to 7. 

ref Frank, Van Allen and H i l l s ,  1964; Frank, 1965a, b ,  e] but t h i s  

presentation provides t h e  most comprehensive panorama of t he  Explorer 

1 4  measurements present ly  avai lable  and of fers  rap id  insight  i n to  t h e  

complex temporal behavior of outer zone electron in t ens i t i e s .  

several  of t he  temporal var ia t ions i n  i n t e n s i t i e s  evident i n  Figures 1 

and 2 may be at l e a s t  i n  pa r t  understood without knowledge of t he  

dominant lower energy p a r t i c l e s  (for example, inward r a d i a l  diffusion 

[Frank, 1965bl and adiabatic re locat ion and accelerat ion due to an 

Many of these observations have been reported previously 

Although 

enhanced e x t r a t e r r e s t r i a l  r i n g  current during magnetic storms 

[McIlwain, 1966]), 

heavily upon a thorough analysis  of t he  low-energy p a r t i c l e  

populations throughout these regions. 

of these low-energy charged p a r t i c l e  i n t e n s i t i e s  a re  discussed i n  the  

following summaries. 

a complete theore t ica l  invest igat ion depends 

Several i n i t i a l  observations 
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UPPER LIMITS FOR TKF: ENERGY FLUXES _. OF LOW-ENERGY -- 
PROTONS AND IONS I N  THE INNER RADIATION - ZONE ----- 

Early low-altitude surveys of t he  energy fluxes of low-energy 

protons or ions within the  energy range extending from 500 eV to 

1 MeV with an a r ray  of CdS crys ta l s  borne on the  low-altitude s a t e l l i t e  

Injun 1 provided the  remarkable r e s u l t  t h a t  l a rge  energy f luxes,  

- 50 ergs (em -see-sr) 

zone at, 1.25 5 L 5 1.70 [Freeman, 19621. 

i n  a B-L coordinate system i s  included i n  Figure 3 .  These measurements 

implied a strong accelerat ion mechanism fo r  protons or pos i t ive  ions 

within a region which i s  deeply imbedded within the  ea r th ' s  magneto- 

sphere, and hence presumably r e l a t i v e l y  remote from the  outer magneto- 

sphere where the  solar  wind i s  an able energy source f o r  charged 

p a r t i c l e  acceleration. An order-of-magnitude estimate of t h e  source 

strength necessary to maintain these energy fluxes may be easiLy obtained 

by assuming t h a t  (1) the  charged pa r t i c l e s  a re  - 1 keV protons, (2) t h e  

f luxes are  confined to a volume bounded by the  L-shells 1.25 and 1.70 

and a spherical  surface at  - 1000 km a l t i t u d e  above the  ea r th ' s  

2 -1 , were present deep within the  inner rad ia t ion  

A summary of these observations 

surface and ( 3 )  t h e  pr inc ipa l  l o s s  mechanism i s  charge-exchange (although 

Coulomb sca t te r ing  i s  a l o s s  mechanism of s imilar  magnitude for protons 

i n  t h i s  energy range) i n  the  ambient t e r r e s t r i a l  exosphere [Liemohn, 

19611. This estimate of the  power required to maintain these energy 
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fluxes i s  Sol8 ergs(sec)-' which i s  comparable to t h e  average source 

strength necessary fo r  e lectron prec ip i ta t ion  in to  the  auroral  regions 

[cf Frank and Van Allen, 1964; O'Brien, 1964bl. 

Recently we have searched f o r  these energy f luxes of low-energy 

protons or ions with t h e  array of sensi t ive e l e c t r o s t a t i c  analyzers 

which was included on the  OGO 3 spacecraft (launch date, 7 June 1966; 

i n i t i a l  apogee and perigee 128,500 km and 6,700 km geocentric r a d i a l  

distances;  inc l ina t ion ,  31") and were unable to discern any signature 

of la rge  pos i t ive  or negative ion i n t e n s i t i e s  within the  energy range 

100 eV < - < 50 keV i n  the  region of t he  inner rad ia t ion  zone surveyed 

with Injun 1 [Frank and Swisher, 19671. I n  f a c t  t h e  responses of t he  

e l ec t ros t a t i c  analyzers were m o d u l a t e d  by the  var ia t ions  i n  curved- 

p l a t e  po ten t i a l  and a re  background counting r a t e s  a t t r i bu tab le  to 

penetrating, energetic protons and electrons.  Hence only upper l i m i t s  

f o r  t he  energy fluxes of protons or  pos i t ive  ions (100 eV 4 E 4 50 keV) 

were generously determined by assuming t h a t  these background responses 

were wholly due to low-energy ion fluxes.  The corresponding upper 

l i m i t s  f o r  these energy f luxes are  summarized i n  Figure 3 i n  order to 

E 
- & -  

- Q -  

f a c i l i t a t e  comparison of t he  two r e su l t s .  

i n  t h e  present discussion were obtained at l o c a l  p i t ch  angles a = 90". 

A cursory examination of Figure 3 shows t h a t  t he  O W  3 upper l i m i t s  

f o r  energy fluxes of protons or posi t ive ions (100 eV < - < 50 keV) are  

l e s s  than t h e  Injun 1 measurements by fac tors  - 10 to 100. 

E limits f o r  negative-ion (100 eV < - < 50 keV) energy f luxes as derived - Q -  

A l l  measurements reported 

E 
- Q -  

Upper 
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from t h e  responses of companion electron e l e c t r o s t a t i c  analyzers are  

within a fac tor  - 2 equal to t h e  simultaneously measured upper l i m i t s  

f o r  posit ive-ion energy fluxes reported here. It i s  possible t h a t  t h e  

energy f luxes observed with Injun 1 are predominantly shared by protons 

with energies exceeding the  energy range of t h e  OGO 3 e l ec t ros t a t i c  

analyzers, t he  energy range 50 keV < E < 1 MeV. I n  order to invest igate  

t h i s  poss ib i l i t y  we have examined Injun 4 (launch, 21 November 1964; 

' y -  

i n i t i a l  apogee and perigee a l t i t udes ,  2502 km and 527 km; incl inat ion,  

81") observations of energy f luxes of protons within the  energy range 

extending from - 30 keV to 4.2 MeV and have summarized the  r e s u l t s  i n  

Table I. 

- 50 ergs (em -see-sr)  

Again there  i s  no evidence of a la rge  energy flux, 

2 -1 , of protons i n  t h i s  energy range. 

It i s  possible t h a t  (1) the  la rge  energy f luxes of pos i t ive  

ions a re  present only near l o c a l  midnight where a l l  Injun 1 measure- 

ments were obtained [Freeman, 19621 and hence t h a t  t he  OGO 3 

observations during l o c a l  day simply imply t h a t  these low-energy 

posi t ive ions are  confined t o  a r e s t r i c t ed  local-time r a g e  centered 

near l oca l  midnight ( the  Injun 4 measurements were a l so  acquired near 

l o c a l  midnight) or (2) these low-energy pos i t ive  ions have disappeared 

via an occasional l o s s  mechanism over the  period extending from m i d -  

1961 (Injun 1) to mid-1966 (OGO 3 ) .  

findings of f i r m  upper limits for these energy f luxes which a re  l e s s  

However, on the  basis of t he  above 
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L, 
ear th  radi i  

1.35 

1.49 

1.50 

1-51 

1-55 

TABLE I 

Energy Flux' (upper l i m i t s ) ,  
2 -1 B, erg( cm -see-sr) gauss 

protons protons 
0.5 < E < 4.2 MeV - -  E > 30 KeV 

4 0.151 2.5 5 x 10- 

0.182 0.2 6 x LO-' 

0.167 1.5 - - -  

0.170 1.0 2.6 x 

0 1-79 0.7 1.4 x 

SEVERAL UPPER LIMITS FOR ENERGY FLUXES 
OF PROTONS IN T€E EARTH'S IIQER RADIATION ZODE* 



by fac tors  of 10 t o  100 when compared with the  energy f luxes reported 

by Freeman over a la rge  region of t h e  inner zone, we conclude t h a t  

most probably energy f luxes of protons or ions (500 eV < E < 1 MeV), 

- 50 ergs (cm -see-sr) 

zone. 

c y -  

2 -1 , are  not a fea ture  of t he  inner rad ia t ion  
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FIRST OBSERVATIONS OF CHARGED PARTICLES -- OF THE EXTRATERRESTRIAL 

RING CURRENT DURING GEOMAGNETIC STORMS 

- 

- 

The search f o r  a la rge  r ing  current of charged pa r t i c l e s  

encircl ing the  ear th ,  which was  ea r ly  postulated as the  phenomenon 

responsible f o r  t h e  sporadic occurrences of rapid world-wide decreases 

of t he  magnetic f i e l d  in t ens i ty  over low and middle l a t i t udes  at the  

ea r th ' s  surface [Chapman and Ferraro,  19321, has continued since the  

discovery of the  ea r th ' s  rad ia t ion  zones. Recently the  magnetic 

' s ignature '  of t h i s  e x t r a t e r r e s t r i a l  r ing  current i n  t h e  outer 

radiat ion zone has decis ively been discerned with i n  s i t u  measurements 

of the  vector magnetic f i e l d  via a satel l i te-borne magnetometer 

[Cahi l l  19661; these measurements posit ioned the  center of t h i s  r i n g  

current near 3.5 

magnetic storm. The d i r ec t  detection of the  charged pa r t i c l e s  of t he  

e x t r a t e r r e s t r i a l  r i ng  current has been obstructed u n t i l  recent ly  due 

to rigorous requirements upon detector energy thresholds,  s e n s i t i v i t i e s  

and immunity to a va r i e ty  of background responses. 

r e s u l t s  of t he  f i r s t  observations of the  charged p a r t i c l e  d i s t r ibu t ions  

within the  e x t r a t e r r e s t r i a l  r i ng  current during a moderate geomagnetic 

storm [Frank, 1967~1 are  s m a r i z e d  i n  t h e  following discussion. 

-- 

i n  t h e  magnetic equator ia l  plane during a great  

Several p r inc ipa l  

The hourly DsT(H) values fo r  a moderate (- -507) geomagnetic 

storm during early-July 1966 and corresponding perigee passages 



designated as ‘PI ,  during which ‘snapshots’ of t h e  radial p ro f i l e s  of 

charged p a r t i c l e  i n t e n s i t i e s  over similar low-latitude t raverses  of 

t h e  radiat ion zones with OGO 3 are available,  have been summarized i n  

Figure 4. The corresponding four ‘snapshots’ of t h e  proton (31 - -  < E < 

4’3 keV) d i rec t iona l  i n t e n s i t i e s  as functions of L during pre-storm 

(7 Ju ly) ,  main phase (9 Ju ly) ,  recovery (11 July) and post-storm 

(13 July)  conditions a re  p lo t t ed  i n  Figure 5 with equal ordinate 

scales  i n  order t o  f a c i l i t a t e  comparison of i n t ens i t i e s ;  at a given 

L-value there  i s  no s igni f icant  difference i n  l a t i t u d e  of t he  space- 

c r a f t  posi t ion or direct ions of the  f i e l d s  of view of t h e  e l ec t ros t a t i c  

analyzers f o r  these four passes. Hence a l l  var ia t ions  i n  i n t e n s i t i e s  

a t  a given L-value as displayed i n  Figure 5 are  temporal and d i r ec t ly  

correlated with t h e  magnitude of D It i s  of i n t e r e s t  to note ST 
t h a t  t he  m a x i m u m  proton (31 - -  < E < 49 keV) in t ens i ty  observed during 

the  main phase of t h i s  moderate magnetic storm i s  7.4 X 10 

(em -see-sr)  and i s  located a t  L = 3.6 i n  gross agreement with the  

posi t ion of t he  center of the  r ing  current as infer red  from i n  s i t u  

magnetic f i e l d  measurements during another geomagnetic storm [ Cahill ,  

(H) .  

7 

2 -1 

-- 

19661. 

I n  order to es tab l i sh  t h a t  t h e  proton (200 eV < E < 50 keV) 
‘ u r y  

i n t e n s i t i e s  a re  indeed the  predominant contributors to t h e  extra- 

t e r r e s t r i a l  r i ng  current,  it i s  not only necessary t o  demonstrate t he  

above pos i t ive  correlat ion of t h e i r  i n t e n s i t i e s  with the  magnitude 

of t he  depression of t he  f i e l d  in t ens i ty  a t  the  surface of t h e  ear th ,  



D 

of charged pa r t i c l e s  i n  the  outer rad ia t ion  zone i s  of su f f i c i en t  

magnitude to account fo r  t h e  observed D 

culat ing the  total energy of low-energy protons and electrons i n  the  

outer rad ia t ion  zone we have computed the  energy dens i t ies  of 

protons and electrons (200 eV < E  < 50 keV) as functions of she l l -  

parameter L observed over t he  low-latitude ( lAml 4 20") t r ave r sa l  of 

OGO 3 through the  rad ia t ion  zones during t h e  main phase of t h e  geo- 

magnetic storm on 9 July and have displayed these r e s u l t s  i n  Figure 6 

accompanied with the  magnetic energy density, B / 8 ~ ,  as calculated 

by invoking a magnetic f i e l d  model derived from surface measurements 

of t h e  terrestrial  magnetic f i e l d  [ Jensen and Cain, 19621. Dote t h a t  

t h e  peak proton (200 eV < E < 50 keV) energy density exceeds the  peak 

electron (200 eV < E  < 50 keV) energy density by a factor  - 7 and t h a t  

t h e  sharp onset of t he  near-earth decline of proton (200 eV - < E 5 50 keV) 

energy dens i t ies  a t  L = 3.2 i s  deeper within t h e  outer rad ia t ion  zone 

than t h e  corresponding decrease i n  e lectron (200 eV 5 E 5 50 keV) 

energy dens i t ies  at L = 4.0. 

(H) ,  but a l so  t o  show t h a t  the  energy reservoir  of t h i s  population 
ST 

(H). Toward t h e  goal of cal-  
ST 

- -  

2 

- -  
- -  

Both of these observations should eventually 

be s igni f icant  i n  delineating t h e  pr inc ipa l  accelerat ion mechanism fo r  

the  la rge  enhancements of these low-energy charged pa r t i c l e s .  

The decrease of t h e  t e r r e s t r i a l  magnetic f i e l d  in t ens i ty  on t h e  

geomagnetic equator a t  t he  ea r th ' s  surface, Al(o) ,  i s  proportional to 

t h e  total energy of these low-energy charged pa r t i c l e s  [Dessler and 
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Parker, 19591 or, exp l i c i t l y ,  i n  the  l i nea r  theory 

&(o) = - 2.6 x e gammas 

where E. i s  t h e  t o t a l  energy of t he  charged-particle population i n  un i t s  

of ergs [Sckopke, 19661. I n  order t o  evaluate the  t o t a l  energy of t h e  

low-energy proton and electron d is t r ibu t ions  it i s  necessary to expand 

the  'snapshots' of Figure 6 i n t o  meridional cross-sections of t h e  

energy density contours i n  a R-h coordinate system by approximating 

the  l a t i t u d e  dependence of the  energy dens i t ies ,  W, v i a  u t i l i z a t i o n  of 

simultaneous observations of t h e  d i rec t iona l  i n t e n s i t i e s  at two p i tch  

angles at a given L-value with t h e  power l a w  

m 

W(L, B) = K(L) (e)-n erg ( ern) -3 

where n i s  n(L) and typ ica l ly  l (2 0.5) . 
deta i led  discussion given by Frank [ 1967~1 f o r  observational j u s t i f i c a t i o n  

of t h i s  approximation. An example of t he  contours of constant energy 

dens i t ies  of protons (200 eV < E < 50 keV) during t h e  main phase of the  

moderate geomagnetic storm of early-July i s  presented i n  Figure 7. 

The total energy of low-energy protons, E 

rad ia t ion  zones over I, = 1 to 8 and under t h e  assumption t h a t  the  r ing  

current i s  symmetric [cf  Akasofu and Chapman, 1964; C a h i l l ,  19661 

becomes 

The reader i s  referred to a 

- -  

within the  ea r th ' s  
P' 

A) (4-3 cos h) -n/2 dLdh ergs e = 3.24 x 10~7 J 8 J hc K(L) L ~ ( ~ ~ ~  6n -I- 7 
l o  P 



-3 where K(L) i s  t h e  equator ia l  energy density at L i n  erg(cm) , 
n = n(L) i s  the  exponent of the  l a t i t u d e  dependence 

of W above, 

h denotes magnetic l a t i t ude ,  
P 

he = Arccos ($)'I2 and 

L i s  i n  un i t s  of ear th  radii. 

Attention i s  drawn upon the  f a c t  t h a t  the B-L coordinate system 

derived from a magnetic f i e l d  model based upon surface measurements of 

t he  t e r r e s t r i a l  magnetic f i e l d  i s  used as a reference coordinate system 

throughout t h e  above presentations and calculat ions.  Clearly the  

observed r e l a t i v e l y  high,energy dens i t ies  of charged pa r t i c l e s  reported 

here w i l l  s i gn i f i can t ly  distort the  geomagnetic f i e l d  especial ly  a t  

t he  posi t ion of the  r ing  current.  

and the  observed decreases, D ( o )  and DST(H), respectively,  of the  magnetic 

f i e l d  in t ens i ty  at the  ea r th ' s  surface near t he  equator, neglecting 

t h e  diamagnetism of the  earth,  for the  main phases of two moderate 

magnetic storms and a typ ica l  quiescent period i s  provided i n  Table 11. 

The calculated charged-particle t o t a l  energies, and hence the  calculated 

AB(o), are  judged t o  be accurate to within 2 5% ( r e fe r  to Frank [1567~]) .  

Inspection of t h e  calculated and observed magnitudes of the  decreases 

of f i e l d  i n t e n s i t i e s  a t  t he  ea r th ' s  surface shown i n  Table I1 firmly 

establ ishes  t h a t  (1) protons (200 eV < E < 50 keV) are  the  pr inc ipa l  

contributors to t he  storm-time e x t r a t e r r e s t r i a l  r ing  current and 

A tabular  comparison of t h e  calculated 

r V N  



18 

Date 

23 June 1966 

25 June 1966 

9 July 1966 

REPRESENTATIVE TOTAL PROTON (200 eV < E 5 50 keV) 
AND ELECTRON (200 eV - -  < E < 50 keV) EGRGIES WITHIN 

THE EARTH'S RADIATION ZOmS* 

Charged 
Pa r t i c l e s  

Protons 
(200 eV < E < 50 keV) - -  

Protons 
(200 eV < E < 50 keV) - -  

Protons 
(200 eV - -  < E < 50 keV) 

Electrons 
(200 eV < E < 50 keV) - -  

Charged P m t i c l e  
Total  Energy 

(Tgs)  
1 < ~ < a  

4.8 x io21 

1.4 x 

22 2.1 x 10 

5.3 x 1 O 2 l  

-12 

-36 

-55 

-14 

&uies.cent 

- 3 O ( k O )  

-50(30) 

* 
See d s o  Frank [1967c]. 



(2) electrons (200 eV < , E  <, 50 keV) are  substant ia l ,  though l e s se r ,  

contributors,  - 2% of t h e  total r ing  current,  a r e s u l t  which i s  i n  

qua l i ta t ive  agreement with e a r l i e r  measurements with CdS crystals borne 

on Explorer 12  [Frank, 1966b-j. 
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ON T€E DISTRIBUTIONS - OF LOW-ENERGY PROTONS - AND -- 
ELECTRONS I N  T€E VICINITY OF THE 'T'RAPPING BOUNDARY' -- -- 

NEAR THE: MAGP?ETIC EQUATOR 

Detailed observations of the e l e c t r i c  f i e l d s ,  magnetic f i e l d s  

and charged p a r t i c l e  d i s t r ibu t ions  within the  ea r th ' s  magnetosphere 

are  necessary i n  order to delineate the  predominant acceleration 

mechanism( s )  providing the  la rge  in t ens i t i e s  of low-energy protons 

and electrons which populate the  radiat ion zones and t h e i r  environs. 

A host of possible mechanisms and reasonable models have been proposed 

(cf Axford and Hines, 196s; Alfvgn and Fglthammar, 1963; Dessler, 

Hanson and Parker, 1961; Block, 1566; Kennel and Petschek, 1966; 

Taylor and Hones, 19651 ; several  i n i t i a l  observations of low-energy 

protons and electrons which a re  pertinent to the  phenomenon of l oca l  

acceleration of charged pa r t i c l e s  within the  outer magnetosphere are  

presented here 

O u r  f i r s t  e f fo r t s  toward developing a description of the 

morphology of the low-energy proton and electron (200 eV ,< E 2 50 keV) 

d is t r ibu t ions  within the  outer magnetosphere as measured with the  

OGO 3 e l ec t ros t a t i c  analyzer array have established several  s a l i en t  

features  of t he  in t ens i ty  d is t r ibu t ions  a t  t h e  ' trapping boundary' at 

l o c a l  midnight near the  magnetic equatorial  plane. 

p rof i les  of low-energy electron in t ens i t i e s  as functions of she l l -  

A typ ica l  s e t  of 
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parameter L ,  again calculated with Jensen and Cain [1962] coeff ic ients  

f o r  the  geomagnetic f i e l d ,  are  displayed i n  F igme 8 during an inbound 

pass through the  outer magnetosphere a t  low magnetic l a t i t udes  near 

the  midnight meridional plane ( c p  These p ro f i l e s  of t he  

directkonal i n t e n s i t i e s  of electrons (630 < E < 1100 eV, 1.5 < E < 

2.7 keV, 6.8 < E < 12 keV, 27 - -  < E < 47 keV and E > 45 keV) are  

remarkably dissimilar with the  exception of t he  region below L - - 5 i n  

= 180"). SM 

- -  - -  
- -  

the  outer rad ia t ion  zone and are typ ica l  of t he  observed d is t r ibu t ions  

of i n t e n s i t i e s  i n  t h i s  region. 

i n  e lectron (E > 45 keV) in t ens i t i e s  with increasing L a t  L - - 7.0 

has of ten been termed the  ' trapping boundary' [cf Fra;nk 1965a; 

Craven 19661 i n  t h e  local-night hemisphere of t he  magnetosphere a t  

high and low magnetic l a t i t udes ;  whether or not it i s  i n  f a c t  t he  

outermost l i m i t  of durable trapping within the  ear th ' s  magnetosphere 

as suggested by t h e  above designation i s  a problem which remains 

unresolved. 

energy electron i n t e n s i t i e s  a re  positioned with respect to t he  

' trapping boundary ' v i a  a complex and energy-dependent re la t ionship 

for L >, 5: 

i n t e n s i t i e s  occurs a t  t h e  'trapping boundary' coincident with the  

onset of a la rge  decrease i n  electron (6.8 - -  < E < 12 keV) i n t e n s i t i e s  

with decreasing L,  (2) a rap id  decrease of i n t e n s i t i e s  of electrons 

(1.5 - -  < E < 2.7 keV) with decreasing L-value at L = 6.0 inside t h e  

The posi t ion of the  sharp decrease 

Inspection of Figure 8 reveals t he  d is t r ibu t ions  of lower 

(1) only a small var ia t ion  of e lectron (27 < E < 47 keV) - -  
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' trapping boundary' and ( 3 )  a s m a l l  maximum of e lectron (630 - -  < E < 1100 

eV) i n t e n s i t i e s  ins ide  t h e  ' trapping boundary'. 

a t ten t ion  herein primarily t o  t h e  posi t ions of t he  onset of the  near- 

ear th  decreases of e lectron i n t e n s i t i e s  and designate these posi t ions 

as LD(E). 

region are displayed i n  Figures 9, 10 and 11. 

coordinates a (equator ia l  p i tch  angle), cpsM (solax magnetospheric 

longitude) and Am (geomagnetic l a t i t u d e )  during t h i s  period do not 

la rge ly  d i f f e r  from those p lo t t ed  i n  Figure 8 since the  o r b i t a l  period 

of t he  spacecraft i s  48.6 hours (2.03 days). 

observations during these four passes i s  the  pers i s ten t  deeper 

penetration of maximum electron (1.5 < E  < 2.7 keV) i n t e n s i t i e s  when 

compared t o  the  corresponding near-earth onset of decreasing i n t e n s i t i e s  

of e lectrons (3.8 < E < 6.8 keV), or i n  our notation LD (1.5 - -  < E < 2.7 

keV) < LD (3.8 - -  < E < 6.8 keV) . 
a sharp decrease i n  e lectron (14 < E < 24 keV) i n t e n s i t i e s  i s  not 

usually cognizable but i s  posit ioned at LD(14 I -  < E < 24 keV) 

> L (3.8 - -  < E < 6.8 key) when a d.ecrease i s  apparent (cf Figure 10). 

pers i s ten t  occurrence of greater  values of L (E) with increasing 

electron energy within t h e  energy range 

by t h e  summary offered i n  Table 111 which includes K for  t he  period 

of observation of L and the  corresponding da i ly  sum K E [Lincoln, 

19661. vary by several  ear th  r a d i i  within t h e  series 

We s h a l l  d i r ec t  our 

A s e r i e s  of observations over s i m i l a r  t r ave r sa l s  of t h i s  

For a given L-value the  

0 

A s t r ik ing  feature  of t h e  

- -  

- -  
A de f in i t e  posi t ion of t h e  onset of 

- -  

The D 

D 

1 t o  10 keV i s  demonstrated 

P 

D P' P 
The values of L D 



I I + 
t- +ri cu ch 

rl rl 

I + I fo ri rl rl 
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of observations reported here and display no obvious correlat ion with 

K or ZK 

i s  usual ly  - 0.5 RE. 
storm during 9 Ju ly  LD(1.5 - -  < E < 2.7 keV) was located deep within the  

outer zone a t  L - 4.0 (cf Figure 6). 

note t h a t  t h e  maximum i n t e n s i t i e s  of electrons (1 < E < 10 keV) can 

be located inside the  ' trapping boundary' (Figure 9) ,  outside t h e  

'trapping boundary' (Figure ll), or may straddle  t h i s  posi t ion of 

t he  termination of r e l a t ive ly  high electron (E > 45 keV) i n t e n s i t i e s  

(Figurelo)  near l o c a l  midnight i n  the  v i c i n i t y  of t h e  magnetic 

but t he  difference L(3.8 - -  < E  < 6.8 keV) - L(1.5 - -  < E  < 2.7 keV) 
P P' 

During t h e  main phase of t he  moderate geomagnetic 

It i s  of fur ther  i n t e re s t  to - 

- ' u  

equatorial  plane. 

Simultaneous observations of proton (3.0 - -  < E  < 4.8 keV, 

12 < E < 19 keV, and 31 < E < 49 keV) i n t e n s i t i e s  during t h e  inbound 

pass on 1 July  (see Figure 10 f o r  corresponding measurements of 

e lectron i n t e n s i t i e s )  a re  presented i n  Figure 12. O f  primary i n t e r e s t  

i s  the  occurrence of enhanced i n t e n s i t i e s  of protons (E > PO keV) when 

compared to t h e  i n t e n s i t i e s  of protons E 5 5 keV inside the  'trapping 

boundary' designated by the  dashed l i n e  at L = 8.5. 

low-energy proton d is t r ibu t ions  observed during l o c a l  evening has been 

given previously by Frank [196733 and i s  reproduced here i n  Figure 13; 

several  useful  coordinates for t h i s  outbound pass are  presented i n  

Figure 14. 

i n t e n s i t i e s  at L < 10 and lower energy protons (E 5 2 keV) have 

- -  - -  

'u 

A n  example of 

Note t h a t  higher energy protons (E > 3 keV) have maximum 
N 

ru 
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pronounced maximum i n t e n s i t i e s  at L > 10. This gross feature  of the  

proton d is t r ibu t ions  i s  typ ica l  of many of t h e  sets of i n t ens i ty  

p ro f i l e s  observed i n  the  evening-midnight quadrant of t he  ear th ' s  

magnetosphere. 

- 

Several of the  pr inc ipa l  r e s u l t s  of o m  i n i t i a l  survey of t he  

low-energy charged p a r t i c l e  d i s t r ibu t ions  within the  ea r th ' s  outer 

magnetosphere have been summarized above. We note t h a t  t h e  observations 

reported here of generally lower energy electrons and higher energy 

protons with decreasing r a d i a l  distance over 5 5 L < 10 i n  the  

evening-midnight quadrant of t he  magnetosphere near t h e  equatorial  

plane are  i n  subs tan t ia l  qua l i ta t ive  agreement with calculations of 

t he  adiaba'cic motion of so la r  wind electrons and protons i n  a current 

model of the  geoelectr ic  and geomagnetic f i e l d s  [Hones, 1963; 

Taylor and Hones, 1965; Taylor 19661. 

invest igat ion with a considerably la rger  body of observations, 

delineation of a s ingle  acceleration mechanism o r  magnetospheric 

model i s  obviated by t h e  present unavai lab i l i ty  of simultaneous 

measurements of e l e c t r i c  and magnetic f i e l d s .  

,lJ 

Although we are continuing t h i s  
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FIGURE CAPTIONS 

Figure 1. Contours of constant omnidirectional i n t e n s i t i e s  of 

e lectrons (E > 40 keV, E - > 230 keV and E - > 1.6 MeV) i n  

t h e  outer rad ia t ion  zone at  the  magnetic equator observed 

with an array of G.M. tubes borne on Explorer 14  during 

October through Bovember 1962. 

a l so  shown i n  order t o  indicate  periods of r e l a t i v e  

geomagnetic a c t i v i t y  ( a f t e r  Owens and Frank [ 19671 ) . 
Continuation of Figure 1 for the  period December 1962 

through January 1963 ( a f t e r  Owens and Frank [19671). 

Comparison of Injun 1 observations of la rge  energy f luxes 

of protons or ions (500 eV ,< E 5 1 MeV) [Freeman, 19621 

and OGO 3 measurements of t he  upper l i m i t s  f o r  energy 

f luxes of pos i t ive  ions (100 < - < 50 keV) i n  the  ea r th ' s  

inner rad ia t ion  zone ( a f t e r  Frank and Swisher 

- 

Daily sum K p' ZP, i s  

Figure 2. 

Figure 3. 

E 
- & -  

C 19671 ) 

Figure 4. Hourly DsT(H) values f o r  t he  period covering the  geomagnetic 

storm during ea r ly  Ju ly  1966 ( a f t e r  Frank [1967c]). 

Directional i n t e n s i t i e s  of protons (31 - -  < E < 49 keV) as 

functions of L a t  low magnetic l a t i t u d e s  during the  

pre-storm, main phase, recovery phase and post-storm 

periods of t h e  early-July geomagnetic storm ( a f t e r  Frank 

Figure 5. 

D967cI 1 . 
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Figure 6. 

Figure 7.  

Figure 8. 

Figure 9. 

Figure 10. 

Figure 11. 

Figure 12. 

Electron (200 eV < E < 50 keV) and proton 

(200 eV < E < 50 keV) energy dens i t ies  as functions 

of L at l o w  magnetic l a t i t udes  during.the main phase of 

the  early-July storm ( a f t e r  Frank [1967cl). 

Contours of constant proton (200 eV < E < 50 keV) energy 

densi t ies  i n  a R-Am coordinate system on 4 Ju ly  1566 

( a f t e r  Frank [1967c]). 

- -  

- -  

- -  

Directional i n t e n s i t i e s  of electrons (630 - -  < E < 1100 eV, 

1.5 < E < 2.7 keV, 6.8 < E < 12 keV, 27 < E < 47 keV and 

E > 45 keV) observed during an inbound pass through the  

- -  _ . -  - -  

outer magnetosphere near t h e  midnight meridiond plane 

on 22-23 June 1966. Several useful  coordinates f o r  

these observations are included (see t e x t ) .  

Continuation of Figure 8 for di rec t iona l  i n t e n s i t i e s  of 

e lectrons (1.5 < E < 2.7 keV, 3.8 < E  < 6.8 keV, 

1 4  - -  < E < 24 keV, and E > 45 keV) on 27 June 1966. 

Continuation of Figure 9 f o r  1 July.  

Continuation of Figure 9 for 3 July.  

Simultaneous observations of d i rec t iona l  i n t e n s i t i e s  of 

protons (3.0 < E < 4.8 keV, 12 < E < 19 keV, and 

31 - -  < E  < 49 keV) as functions of shell-parameter L f o r  

- -  - -  

- -  - -  

the  inbound pass on 1 July. The measurements a re  obtained 

a t  iden t i ca l  p i t ch  angles and simultaneously with the  

observations of low-energy electron i n t e n s i t i e s  displayed 

i n  Figure 10. 
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Figure 13. Directional i n t e n s i t i e s  of protons within s i x  energy 

bandpasses as functions of L f o r  an outbound pass near t he  

evening meridional plane on 11 June 1966 ( a f t e r  Frank 

[1967bl) 

Figure 14. Several useful  coordinates f o r  t h e  s a t e l l i t e  posi t ion 

during the  se r i e s  of observations displayed i n  

Figure 13: geomagnetic l a t i t u d e ,  Am; solar  magnetospheric 

l a t i t ude ,  BSM; solar e c l i p t i c  l a t i t u d e  and longitude, 

BSE and cpSE ( a f t e r  Frank [1967bI). 
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